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Metab. 26): E1119-E1124, 1992.-Physiological sources of variation in the 2H-to-180 dilution space ratio (DSR) were examined in 34 males and 20 females (4-78 yr; 14.7-143.2 kg; l&61.0% body fat). Dilution spaces were obtained by time 0 extrapolation of isotope washout over lo-14 days, and body composition was obtained by underwater weight (adults) or bioelectrical impedance (children). The mean DSR was 1.050 t 0.015 (range 1.029-l.lll), significantly higher (P < 0.001) than the traditionally assumed value of 1.029 based on exchange over 4 h. Use of the value 1.029 causes a systematic 8% overestimate of energy expenditure from doubly labeled water, relative to use of the value 1.05. The DSR was not related to body composition or age but was significantly higher (P < 0.05) in males (1.052 t 0.016) than in females (1.044 t 0.012). This gender effect was not explained by differences in the number of exchangeable hydrogens in the body. We conclude 1) variation in the 2H-to-180 DSR is not explained by body composition but is influenced by the chemical availability of exchangeable hydrogens to undergo exchange; 2) because the DSR is not easily predicted, use of the observed dilution spaces are recommended; 3) if a fixed DSR is used, values of 1.044 and 1.052 are recommended in females and males, respectively. doubly labeled water; total body water; adiposity; age; isotope exchange STABLE ISOTOPES of water, including deuterium (2HzO) and oxygen-18 (H2180), play a key role in the study of human nutrition. Both isotopes are used for determining total body water and body composition by isotope dilution techniques (15, 18) and energy expenditure by the doubly labeled water technique (14) . One limitation of their use, however, is that they both overestimate total body water to some extent because of isotopic exchange into nonaqueous organic compounds (5, 15).
On the basis of theoretical calculations, -1% oxygen (15), and up to 5% hydrogen atoms, in the body can exchange with nonaqueous compounds. Published data on the 2H-to-180 dilution space ratio shows some degree of individual variation (2, '7, 13, l4), but it is not clear whether this variation is entirely accounted for by variation in body composition or other factors. Knowledge of the correct 2H-to-180 dilution space ratio is important to the accuracy of the doubly labeled water technique for estimating total energy expenditure. In addition, use of an individual value, if warranted, will improve the precision of data over that obtained from using a fixed value.
The purpose of the present study was to explore the source of variation in the 2H-to-1s0 dilution space ratio in a group of subjects of both sexes of varying age and adiposity. Our analysis revealed that the 2H-to-180 dilution space ratio, based on exchange over lo-14 days, was higher than traditionally assumed values based on isotope exchange over 4 h. The observed ratio was significantly higher in males than in females but was not independently influenced by age or adiposity. Moreover, from theoretical calculations the 2H-to-180 dilution space ratio is not determined by the amount of exchangeable hydrogen in the body per se but on the chemical availability of potentially exchangeable hydrogens to actually undergo exchange.
METHODS
Description of subjects. Data from four ongoing studies at the University of Vermont were combined for this analysis. These subjects included 18 obese individuals (11 males and 7 females), 13 elderly subjects (7 males and 6 females), 11 young lean men, and 12 young children (5 males and 7 females). Physical characteristics of these subjects are summarized in Table 1 . The obese subjects and the young lean men were control subjects for IO-day inpatient studies at the Clinical Research Center, and the young children and the elderly subjects were free living over a 14-day study period. Extended data in the elderly subjects has been presented elsewhere (7). The data base thus provided a cohort of subjects ranging from 4 to 78 yr of age, 14.67 to 143.19 kg in weight, and from 1.78 to 61.01% body fat.
Measurement
of isotope distribution spaces. All subjects received a mixed oral dose of doubly labeled water after collection of a baseline urine sample (10 ml). With the exception of children, the dosing was performed in the morning after an overnight fast, with sample collection commencing at least 24 h after dosing. In children, the dosing was performed in the afternoon with the initial sample collection the following morning. These dosing protocols ensure that isotope enrichment in initial urine samples have surpassed equilibration. With the exception of the children the isotope loading dose was -1.5 g/kg body mass of a mixed solution of water containing 10% atoms percent excess H2180 (Cambridge Isotopes, Woburn, MA) and 5% 2H20 (ICON Services, Summit, NJ). In children the relative dose was 2.5 g of the same solution per kilogram body mass. The weight of isotope administered was weighed to the nearest milligram. After oral administration of the isotopes, the vial was rinsed with 50-100 ml tap water, which was then also consumed by the subject. A weighed I:400 dilution of the dose was prepared for each subject at the time of dosing, and samples of the water used for the dilution and the diluted dose were saved and analyzed with each sample set.
For the inpatient studies (obese and young lean men), further second void morning urine samples were collected for the first and last 3 days of the study. For outpatient studies (young children and the elderly), second void morning urine samples were collected on the first and last days of the study. All samples were stored in sealed vacutainers at -70°C until analysis by isotope ratio mass spectrometry (VG SIRA II, Middlewhich, Cheshire, UK) at the Biomedical Mass Spectrometry Facility on the Clinical Research Center at the University.of Vermont. Samples were analyzed in triplicate for H,lsO and 2H20 using El120 FACTORS AFFECTING THE 2H-TO-'s0 DILUTION SPACE RATIO Data are means t SD with ranges in parenthesis; n, no. of subjects; M, male; F, female; BM, body mass; FFM, fat-free mass; and %Fat is percent body fat. FFM and body fat determined by underwater weight in adults and by body impedance analysis in children.
the CO, equilibration technique (1) and the off-line zinc reduction method (lo), respectively, as previously described (7). Linearity of these methods was verified by preparation and analysis of a series of five graded dilutions of the isotope dosing solution. These dilutions provided a set of standards spanning the range covered in a typical doubly labeled water study (O-1,000%0 for 2H20, and O-120%0 for H2180, relative to local tap water). For both isotopes the correlation coefficient of the slope between relative dilution and enrichment was r = 0.99.
Time 0 enrichments of H2180 and 2H20 were calculated from the intercepts of the semilogarithmic plot of isotope enrichment in urine vs. time after dosing. Isotope dilution spaces were calculated using the equation (12) D(mo1) = w x A x hx! -%ter) 18 .02 X 4E,,,, -Epre) (1) where D is the isotope dilution space in moles; W is the weight of water used to make the dilution of the dose; A is the weight of dose administered; a is the weight of dose diluted; Edose, E water9 Epost9 and Epre are enrichments (in SO) of the diluted dose, the water used for the dilution, urine at time 0 from back extrapolation, and in urine before dose administration, respectively.
of body composition.
Except in children, body fat was estimated from body density, as measured by underwater weighing, with simultaneous measurement of residual lung volume by helium dilution using the Siri equation (17) . Fat-free mass (FFM) was estimated as body mass minus fat mass. Duplicate measures of body composition by underwater weight in our laboratory has a coefficient of variation of 4.1% and an intraclass correlation of 0.91 (7).
In the children, body composition was determined by body impedance analysis (RJL Systems, Mt. Clemens, MI) using the equations of Houtkooper et al. (9) . With the use of this technique, the average coefficient of variation between duplicate measurements performed 14 days apart was 1.5% for FFM (1st measure 16.41 t 1.9 kg; 2nd measure 16.62 t 1.7 kg; not statistically different by paired t test) and 2.5% for fat mass (1st measure 3.35 t 0.8 kg; 2nd measure 3.28 sfr 0.8 kg; not statistically different by paired t test).
Theoretical estimate of the 2H-to-180 dilution space ratio from individual body composition assessment. The percentage of exchangeable hydrogen in the body was calculated using the published constants of Culberas and Moore (5) and the following equation where TBW is total body water. Fat, protein, carbohydrate, and TBW are measured in kilograms.
For the purposes of the above calculation the following assumptions were made: 1) fat mass was as derived from underwater weight in adults and body impedance analysis in children; 2) protein mass was derived from the difference between body mass and the sum of water, fat, carbohydrate, and mineral mass; 3) carbohydrate and mineral mass combined was assumed to be 2.8 and 4.0% of body mass in adults (5) and children (6), respectively; 4) contribution from carbohydrate in EQ. 2 was ignored since carbohydrate mass in the body is negligible; and 5) total body water was derived from the time 0 dilution space of H2180 divided by 1.01.
A theoretical estimate of the 2H-to-180 dilution space ratio was derived from this value assuming that the relative exchangeability of oxygen is fixed at 1%.
Statistics. Mean values, SD, and ranges are presented for all measures and parameters. Differences between groups and males and females were assessed by analysis of variance. The Pearson product-moment correlation was used to derive the level of association between pairs of variables. All statistical and data manipulations were performed using Lotus l-2-3 (Lotus, Cambridge, MA), Statplan (The Futures Group, Washington, DC), or BMDP software packages.
RESULTS
The mean 2H-to-180 dilution space ratio for each group is shown in Table 2 , and the individual data for the 2H20 and H21s0 dilution spaces are shown in Fig. 1 . In the group as a whole the relation between the two dilution spaces was described by the equation DH = (1.0518 x Do) -3.6, and the regression equations between DH and Do are shown in Table 3 . Within the group of obese adults and young children, the dilution space ratio was significantly greater in males than in females. However, no such difference was noted in the elderly subjects. When the data from all groups were combined, the 2H-to-180 dilution space ratio was significantly higher in males than in females. Within each sex, there was no significant difference in the 2H-to-180 dilution space ratio between the various groups examined. Figure 2 demonstrates the absence of an association between the 2H-to-180 dilution space ratio and adiposity. The correlation coefficient (r) between the dilution space ratio and percent body fat was 0.18 and 0.03 in males and females, respectively. Similarly, after covarying for gender, there were no significant correlations between the dilution space ratio and any of the physiological variables examined, which included age, height, body mass, FFM, food quotient, and total energy expenditure. Theoretical values for the 2H-to-180 dilution space ratio were calculated from individual body composition data using Eq. 1 (as described in METHODS) and are also shown in Table 2 . In the group as a whole, the theoretical figure, which assumes that all hydrogens from fat and protein in the body are available for exchange, was significantly higher than that observed experimentally. More specifically, the difference between the observed and predicted ratio was present in obese females and young children of both sexes (Table 2) . DISCUSSION The purpose of the current study was to examine the relation between body composition and individual variation in the 2H-to-180 dilution space ratio in humans varying in age, adiposity, and gender. The relevance of such an examination is that this ratio, which is determined by the extent to which hydrogen atoms in body water exchange into nonaqueous compounds, influences the accuracy and the precision of the doubly labeled water technique for determining total energy expenditure and the method of total body water analysis for assessing body composition. Although it is apparent that inter-individual variation in the 2H-to-180 ratio exists (2, 7, 13, 14) , it has yet to be established whether this variation stems from variation associated with physiological characteristics.
We did not find any evidence that the 2H-to-180 dilution space ratio is influenced by adiposity (Fig. 2) . This observation is supported by theoretical calculations (see Eq. 1 in METHODS), which show that the 2H-to-180 dilution space ratio is related to the total number of potentially exchangeable hydrogens in fat, protein, and carbohydrate as a function of total body water and not simply to adiposity (5). Moreover, as shown in the present data set and elsewhere in animal studies (4), the theoretical value for the 2H-to-180 dilution space ratio, predicted from individual body composition analysis, is not always achieved in vivo. This finding supports the fact that a certain portion of potentially exchangeable hydrogen atoms in the body are actually chemically unavailable for exchange. Thus the measured value of the 2H-to-180 dilution space ratio is not simply a function of body composition per se but is related to the portion of exchangeable hydrogens in the body that are actually chemically available for exchange.
As pointed out by Culebras and Moore (5), the theoretical value for the 2H-to-180 dilution space ratio is not likely to be achieved in vivo because lipids are not water DH, deuterium dilution space; Do, oxygen-18 dilution space. soluble; therefore, the hydrogens are not chemically available for exchange. In addition, lo-60% of potentially exchangeable hydrogens in proteins are also not chemically available for exchange because they are protected within highly hydrophobic regions of the molecular structure. These hydrogens have been termed hard-to-exchange amide hydrogens (5). The lower dilution space ratio in females (1.044 t 0.012 in females vs. 1.052 t 0.016 in males) is a new finding of the present study. This phenomenon is not explained by differences in body composition since theoretical calculations actually predict a higher dilution space ratio in females than males (1.064 t 0.013 in females vs. 1.056 t 0.011 in males). Thus it is apparent that a greater portion of hydrogens in females are chemically unavailable for exchange (29% in females vs. 6% in males), with this effect being more pronounced in obese women and young girls, where 28 and 38% of available hydrogens, respectively, do not undergo exchange. We can only speculate as to the reason for the greater unavailability of hydrogens to exchange in females. This may be due to gender differences in the protein pool within FFM, whereby females may have more of the type of proteins that contain hardto-exchange amides.
Another potential factor that may contribute to variation in the 2H-to-180 dilution space ratio is exercise. We recently observed a significant elevation in the 2H-to-180 dilution space ratio after an 8-wk endurance training program in healthy elderly subjects (7a). This exercise intervention led to a small but significant (P < 0.05) expansion of the 2H distribution space with no significant change in that of 180, thus causing a significantly higher ratio in studies performed during endurance training (1. 059 t 0.01) compared with baseline (1.049 t 0.01).
One of the more commonly used models for calculating energy expenditure data from the doubly labeled water technique is Eq. 3, which is Eq. A6 in the validation study of Schoeller et al. (14) rCO 2 = N x 0.4554(1.01 x K, -1.04 X K,) (3) where N is total body water (moles) and Ko and Kn are turnover rates of H2180 and 2H2, respectively (days-l).
This model, as well as that of Lifson et al. (11) , which is used in most animal studies, is based on the assumption that oxygen and hydrogen overestimate total body water by 1 and 4%, respectively, due to exchange into nonaqueous compounds. This information translates to an effective 2H-to-180 dilution space ratio of 1.029 compared with the value of 1.05 in the wide range of subjects presently reported. Using Eq. 3 of Schoeller et al. (14) as shown above will overestimate energy expenditure by 8% relative to using Eq. 3 and assuming a fixed ratio equivalent to the mean value in the present data set (1.05).
The presently reported mean 2H-to-180 dilution space ratio (1.05) may be higher than that recommended by Schoeller et al. (14) because this ratio is based on an extrapolation of data to time 0 during lo-14 days of isotope washout, whereas earlier reports were based on exchange over a 4-h dilution period. With regard to doubly labeled water studies, it may be more appropriate to use the higher ratio since it is obtained under the more relevant and frequently used conditions. In other words the full potential for hydrogen to undergo chemical exchange may not be achieved over 4 h. This hypothesis is easily demonstrated in the present data set since theoretical calculations reveal that almost 50% of exchangeable hydrogens would not have to undergo exchange to achieve a 2H-to-180 ratio of 1029 Over longer time periods the full potential for hydrogen to undergo exchange is more likely to be achieved; hence, the actual ratio observed over lo-14 days (1.050 t 0.01) is closer to that predicted from body composition (1.059 t 0.01).
Another likely explanation for the 2H-to-180 dilution space ratio being higher when measured over longer time periods is increased potential for isotopic incorporation, as opposed to isotope exchange. Isotope incorporation is distinct from isotope exchange, since the former implies irreversible loss of isotope into other nonlabile positions over longer periods of time than the more immediate process of isotope exchange. For example, it is well known that 2H is incorporated during reductive biosynthesis, particularly into lipids, at a significant rate (a), whereas no significant uptake of 180 is likely. In this case, it would FACTORS AFFECTING THE 2H-TO-'80 DILUTION SPACE RATIO El123 be appropriate to use the actual measured dilution spaces, but the turnover rate of 2H would have to be adjusted because the slope for 2H washout would be overestimating water flux.
The findings of this study, however, do not have any impact on the validity of the Coward (2) model for calculating energy expenditure from doubly labeled water data. This model uses the measured individual dilution spaces and therefore is not dependent on assuming a relationship between the isotope dilution spaces and total body water (3)
where No and ND are dilution spaces of H21s0 and 2H2 (moles), respectively, and Ko and Kn are turnover rates of H2180 and 2H2 (days-l), respectively. The validity of the Coward (2) model at dilution space ratios similar to that obtained in the present study was recently reported by Ravussin et al. (13) in a calorimetry validation study in lean and obese subjects. In the study of Ravussin et al. (13) the mean dilution space ratio was 1.049 t 0.009 (range 1.037-1.061), and doubly labeled water underestimated energy expenditure relative to calorimetry by 2.5%. Interestingly, this effect was more pronounced (4.4%) in obese subjects (>30% body fat). However, the small discrepancy between the two techniques was not explained by individual differences in the 2H-to-180 dilution space ratio.
Our findings also have significant implications for the use of labeled water to assess body composition. Knowledge of total body water is pivotal to all multicompartment analyses of body composition, since water represents the largest component of body mass. However, accurate estimation of total body water, and, therefore, body composition, is highly dependent on knowing the degree to which isotopes of water exchange into other pools. With the assumption that 180 overestimates body water by a fixed amount of l%, the data currently presented imply that 2H overestimates body water by 6%, whereas the traditional figure for 2H and tritium is 4% (16) , although the classic body composition reference data of Fomon et al. (6) is based on a value of 2%. These small changes, however, only have a minimal effect on body composition. For example, the impact of using an exchange fat of 4% for hydrogen will lead to a systematically higher FFM and lower fat mass by -l-1.5 kg, relative to using an exchange factor of 6%. Nevertheless, our data suggest that, when total body water is obtained by extrapolation of 2H or tritium washout data over extended time periods, body composition data will be most accurate when a value of 6% is used for isotopic exchange into nonaqueous compounds.
In summary, our data suggest that the 2H-to-1s0 dilution space ratio is not influenced by body composition but is significantly higher in males than in females. The explanation of this gender effect is not apparent from our study. Differences between experimentally derived ratios and those predicted from individual assessment of body composition suggest that individual differences in the 2H-to-180 dilution space ratio are influenced not by the total number of exchangeable hydrogens, per se, but by the chemical availability of exchangeable hydrogens to actually undergo exchange. Because the ratio is not easy to predict, the doubly we suggest using individual labeled water technique to dilution improve spaces in precision of data, unless the observed value lies outside of the physiological range predicted from body composition. If a fixed ratio is used, ratios of 1.044 and 1.052 are recommended in females and males, respectively.
